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rABSTRACT
It is shown that treatment of ZnO-extracted zinc
orthotitanate with sodium acid phosphate and recalcination
are both effective in increasing the stability of this
i ment system. However, rec lcinationP g	 Y •	 ^	 a	 appears to be the
most important of the two surface treatments. EPR studies
of zinc orthotitanate were performed. Resonance was observed
in zinc orthotitanate as prepared and on material that was
extracted and then calcined. No spectra were obtained on
material that was extracted only; extracted and phosphated;
'I_	
and, extracted, phosphated and calcined. A discussion of
the solid-state behavior of zinc orthotitanate, and pigmented
systems in general, are given.
A very stable paint has been developed employing silicate-
treated zinc oxide as the pigment in an Owens-Illinois 11650"-
silicone-resin coating. The ability to formulate a 11650"-resin
`v
paint from silicated zinc oxide that does not immediately gel
was accomplished by washing the silicate-treated zinc oxide in
3% sodium acid phosphate prior to incorporation into the
Owens-Illinois 11 650" resin.
.•
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FOREWORD
This is Report No. IITRI-U6002-59 (Triannual Report) of
IITRI Project U6002, Contract No. NASS-5379, entitled "investiga-
tion of Environmental Effects on Coatings for Thermal Control of
Large Space Vehicles." This report covers the period from August
1 through October 31, 1967. Previous Triannual Reports were
issued on October 25, 1963; March 5, 1964; July 20, 1964; December
21 9
 1964; February 23, 1965; July 20, 1965; November 9, 1965;
February 28, 1967 and September 22, 1967.
Major contributors to the program during this period
include Gene A. Zerlaut, project leader; and William C. Courtney,
consultation on vacuum problems; Henry DeYoung, coating and
specimen formulations; George Kimura, vacuum technology and space
simulation tests; Dr. Gordon Noble, solid-state studies on zinc
titarate; Frederick 0. Rogers, general paint technology and zinc
titanate studies; and Samuel Shelfo, reflectance measurements
and space simulation tests. Dr. T. H. Meltzer, Assistant Dir-
ector of Chemistry Research, provided administrative supervision.
The work reported herein was performed under +-he technical dir-
ection of the Research Projects Laboratory of the George C.
Marshall Space Flight Center; Daniel W. Gates acted as
Project Manager.
Prior to March 15, 1966, this contract was funded under
Codes 124-09-05-26-04, 124-09-05-00-14 9
 933-50-01-00-00 and
908-20-02-01-47.
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Approved by:
	 Gene A. rla
Senior C	 t-Gr up Leader
Polymer Research
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Chemistry Re search	 IIT RESEARCH INSTITUTE
^y
1
1
1i
4
IITRI-U6002-59
rDEVELOPH'SNT OF SPACE-STABLE
THERMAL-CONTROL COATINGS
t
I. INTRODUCTION
The general reauirement under this contract is the develop-
ment of thermal-control surface coatings that possess very low
but stable ratios of solar
	
s
absor tance (a ) to infrared emmittenceP
(Eh ). Hi.stcrically this program has been divided into three
major phases: (1) inorganic technology, (2') silicone-photolysis
and silicone-paint investigations, and (3) general coatings in-
vestigations.
The relative emphasis on each major task has varied during
the course of the program according to the urgency of the various
problems elucidated by our investigations as well as the avail-
ability of both funds and personnel.
The work reported in the last Triannual Report (U6002-55)
consisted of a comprehensive presentation of the research per-
formed on the zinc titanates. The section of zinc titanates
included discussions of the synthesis of three stoichiometries
(meta, ZnTiO 3 ; ortho, Zn,TiO 4 ; and, sesqui, Zn 2Ti 308 ) and their
behavior in a simulated-solar-ultraviolet/vacuum environment.
Background information on the solid state properties of "space"
pigments and coatings were also given, with emphasis on the
zinc titanF tes.
The physical sensitivity of silicate-treated zinc oxide
was established and data were presented which showed that a
t	 I1T RESEARCH INSTITUTE
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minimum amount of grinding that is still consistent with general
coating requirements is necessary fo-f optimum stability of S-13c;
type coatings.
The zinc titanate studies were continued during the period
covered by this repor+-. Additional studies pertaining to
silicate-treated zinc oxide were also performed. In the latter
respect, we have been successful in developing a new zinc oxide.-
pigmented silicone coating that exhibits essentially no optical
degradation in a 1200-ESH space simulation test. The coating
is based on Owens-Illinois 650 "Glass" resin and is pigmented
with silicate-treated zinc oxide that was subsequently treated
with sodium acid phosphate to preclude gellation of the 650
"Glass"-resin binder.
The solid state behavior of zinc orthotitanate received
ccnsiderable attention during the period covered by this re-
port. Background electron-sp-i n-resonance studies on general
zinc orthotit anate powders are presented.
II. MATERIALS STUDIES
A. Space-Solar-Simulation Parameters
The space-solar-simulation test (IRIF Test 14) that was
completed during the period covered by this report was performed
j.n the IRIF (ref. 1) . A nominal solar factor of six (6X) sun
intensities was employed utilizing the General Electric A-H6
high-pressure, mercury-argon ultraviolet lamp. The total ex-
posure was ca. 1200 equivalent sun-hours (ESH) of extra-
terrestrial solar ultraviolet radiation.
r
If.	
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B. GenerAi Coatings Evaluation
r	 Specimens of Hughes Aircraft Company's H-10 calcined-
1
china Clay paint, Boeing's 8-1060A pint (their version of
IITRI's S-13G thermal-control coating), a Cabot RF-1 rutile-
pigmented silicone-resin paint (based on Owens-Illinois 650
"Glass" resin) and a rutile-opacified borosilicate-glass
"porcelain" enamel were irradiated in Test 14. The solar
absorptance data are presented in 'idble 1. The spectral re-
flectance damage are presented as a function of equal-energv
(wavelength) increments in Figures 1 through 4.
Data for an exposure of 300 ESH only was obtained on the
Hughes H-10 china clay coating due to loss of the sample in
transport from the IRIF's integrating sphere to the sample
table. The Aa s
 of 0.0E in 300 ESH is readily apparent from an
examination of the spectral damage presented in Figure 1.
Boeing's B-1060A coating, which like S-13G is pigmented
with silicate-treated zinc oxide, exhibited damage comparable
to I ITR I ' s S- 13G when prepared from hand-mulled pigIL,,lnt that
does not receive an 18-hr "sweating" step. The silicate treat-
ment employed in B-1060A did not offer complete protection to
bleachable infrared damage, as can be seen from an examination
of the spectral damage presented in Figure 2.
Because of the excellent stability that has characterized
the jwens-Illinois type 650 "Glass" resin, w-F,
 used this binder
to test the stability of Cabot Corporation's RF-1 "Flame-
Process" rutile titanium dioxide. The Qa s
 of 0.08 in 1200 ESH
IIT RESEARCH INSTITUTE
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eliminates it from further consideration unless heat treatment,
as claimed by Greenberg et al (ref. 2),improves its stability
to a degree that makes it a viable pigment for the Owens-Illinois
650 resin. The spectral damage is presented in Figure 3. Exam-
ination of these data show that the bulk of the damage occured
in the first 300-ESH increment of irradiation.
The porcelain specimen, a rutile titanium dioxide-opacified,
borosilicate-glass enamel, was obtained from Chicago Vitreous
Corp. This particular specimen had received approximately 4000
ESH of irradiation prior to its irradiation in IRIF Test 14.
It had been admitted to air prior to Test 14 and was employed
solely as a control to determine if contamination (either cross
contamination or rough-pump-oil contamination) occured during
the test. The stability is still excellent; the ^ a
s 
was 0.02
after an exposure of 1200 ESH. The damage that occured was not
representative of organic contamination that has been observed
in certain previous incidents.
C. Zinc Orthotitanate-Pigmented Owens-Illinois 650--Resin Paints
1. General Observations
Previous reports (ref. 3 and 4) have mentioned that, of
the three zinc titanate stoichiometries, the orthotitanate
structure shows the greatest promise as a stable white pigment.
These studies have also shown that when the temperature of
formation of the compound is 1050 °C
 or higher, the stability
of the pigment in a paint under the simulated space environment
IIT RESEARCH INSTITUTE
IITRI-U6002-59
ris very much greater than when a moderate temperature of 90011C
is used to prepare the pigment.
On the other hand, the lower-temperature reaction produces
a much whiter, softer pigment that is more easily ground into
a paint; the 1050"C reaction produces extremely hard particles
that are difficult to make into a paint and are of a somewhat
yellowish hue.
An attempt to find a way around this impasse led to planning
experiments that involved treating the pigment with sodium acid
a phosphate. In these experiments, zinc oxide extraction, acid
phosphate treatment of the pigment and re-calcination of the
powder were performed on the low-temperature-formed product
(900-0) in an attempt to obtain stability that is comparable to
the 1050 C-formed compound, while still keeping a soft, white,
easily-ground pigment. The experiments were partially success-
ful.
	
r
Phosphate treatment and re-calcination in one case reduced
r
Y_
the loss of reflectance at 45C nm from 16/ to 6% ( after 1200 ESH) .
with even greater improvement at other wavelengths. The process
was thus shown to be a practical way of improving the stability
of zinc orthotitanate. Further experiments will be required to
establish the best concentration and temperature of acid phos-
phate v._:,atment and the optimum temperature of re-calcination,
however.
IIT RESEARCH INSTITUTE
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Af
2. Experimental
The material used for the experiments described above was
Batch A-319 zinc orthotitanate, prepared by the method described
in Triannual Report U6002-47 (ref. 3,p. 11) and fired at 925°C
for ca. 16 hr. The pigment was then extracted with 10 •/ acetic
acid in a "wrist" shaker for 18 hr, washed and dried. A portion
of the dried pigment was ground in an Owens-Illinois 650 "Glass"
resin solution without further treatment. Another portion of
the pigment was phosphate-treated, dried and then ground into
a paint. A third portion was phosphate treated and then re-
calcined at 650°C before grinding into a paint and a fourth
portion of the pigment was re-calcined without any phosphate
treatment.
Pigment Preparation
Seventy-five (75) g of Batch A-319 Zn2TiO4
and 100 ml of 10% acetic acid were mixed in
a "wrist" shaker for 18 hr, filtered, wash-
ed with distilled water and dried. The
yield was 93% (indicating that 7% unreacted
zinc oxide had been extracted). The pigment
was designated Batch A-378A.
Y	
Thirty (30) g of the extracted pigment
(A-378A) was slurried for 15 min in 100 ml
of a 1% solution of sodium acid phosphate
(NaH2PO4). The mixture was filtered, washed
and dried. The pigment was designated Batch
A-378B.
Fifteen (15) g of A-378B was calcined for
lR hr at 650°C. The pigment was designated
Batch A-378C.
Fifteen (15) g of Batch A-378A was calcined for
18 hr at 650°C. The pigment was designated
Batch A-378D.
11T RESEARCH INSTITUTE
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Paint Preparation
A solvent solution of the B-staged Owens-
Illinois Type 650 "Glass" resin was prepared
as follows:
i I
Constituent
O-I 650 B-Staged Resin
(40% in n-butanol )
Isopropanol
Toluene
Cellosolve (ethylene glycol
monoethyl ether)
Diethyl i sobuty 1 ketone
Weight
70
15
9
3
3
100
^9.
The resin solution possessed 28°o solids and
weighed 7 . 7 lb/gal (the vehicle solid's
density was 11 lb/gal).
Paint was prepared from each of the four
pigments (i.e., A-378A,-B,-C, and -D). Eight(8) g of each pigment was ball-milled for one
hour with 12g of the O- I 650-resin solution
to produce a paint. The paints all possessed
a PVC of 36/.
This PVC, while too high for best application properties, was
satisfactory for study of the pigment characteristics.
Separate tests, made at 30'/o pigment volume, resulted in a
paint that was far too glossy to be practical. The vehicle
is such an excellent "wetter" that the pigment volume must be
higher than with poorer wetting vehicles. Thirty-three per-
cent probably would have been the correct PVC required for
these pigments.
IIT RESEARCH INSTITUTE
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3. Results of IRIF rest 14
The results of 300, 550 and 1200 ESli of ultraviolet irradi-
ation in IRIF Test 19 on the four zinc orthotitanate coatings
are presented in Table 2 and Figures 5 through 8.
The paint made from Batch A-378A extracted zinc titanate
(specimen 7, IRIF Test 14) displayed a loss of reflection
after 1200 ESL of exposure of about 16% throughout the entire
visible region (Figure 5). The spectra also showed that the
extraction of Zn0 was incomplete. The 
`has of 0.12 in 1200 ESH
marks this formulation as exceptionally unstable.
Theaint made from the hos hated extracted zinc ortho-P	 P P
	 ,
titanste, Batch A-378B 6;pecimen 8 in IRIF Test 14),was lost in
the apparatus before completing the 550-ESH measurement. A
useful measurement was obtained after 300 ESH however: The
Aas was 0 . 07. The degradation at700 nm was 10% compared to
15% for the A-378AP gi ment that was not phosphate treated (for
the same time and wavelength).
When the phosphate -treated pigment (A-378B) was calcined
at 650^ `C (specimen 9, IRIF Test 14), only 3% degradation
occurred at700 nm after 300 ESH (Figure 7). This was mani-
fested in a Aa s of only 0.02 after 300 ESH and 0.05 after
1400 ESH (compared to 0.10 and 0.12, respectively, for the
untreated pigment).
t
IIT RESEARCH INSTITUTE
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rIn the fourth case, where the extracted pigment was cal-
cined only and no phosphate treatment was employed (specimen
10) there is also a drastic improvement in stability. Exam-
ination of the data presented in Table 2 and the damage spectra
presented in Figure 8 shows that this paint was even more stable
than that prepared from the phosphate-treated, calcined pigment.
The Aa s
 of 0.04 in 1200 ESH is encouraging. However, the reason
for the lower "step" in the ultraviolet reflectance spectra at
375 nm (Figure 8) , where the effect of residual Zn0 is manifested
is not known at this time.
The conclusion is that both phosphate treatment and re-
calcination greatly improve the stability of zinc orthotitanate
in thermal coatings. However, of the two, re-calcination is the
most important. it may be that in this particular test the
effect of the phosphate treatment was obscured by subtleties
in the heat treatment, or the acid phosphate acted primarily
upon `he residue of zinc oxide present rather than upon the
orthotitanate itself. A repeat experiment is underway in
which the initial zinc oxide extractiun is more carefully per-
formed and where some variations in phosphate treatment
(particularly a hot process) are attempted and different
calcination temperatures are employed.
3
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rD. Silicate-Treated Zinc Oxide Paints
Four silicate-treated zin^ oxide paints were irradi.ated
in IRIF Test 14. They comprised two S-13G paints and two
Owens-Illinois Type 650 "Glass" resin-based paints. The re-
sults of a 1200-ESH space-simulation test on these coatings
are presented in Table 3.
1. S-13G Paints
The two S-13G paints were prepared in order to test the
suggestion (ref. 5) that trimethylquanidine (MG) might
result in superior stability to the S -13G paint when it is
used as the curing agent for RTV-602 in place of General
Electric's SRC-05 catalyst.
The data presented in Table 3 indicate that the small
difference in stability between the two S-13G paints is
actually in favor of the SRC-05 catalyst. It should be noted
a_
	 that "sifted" pigment was used to prepare these two paints in
order to a,..ieve optimum stability so as not to obscure the
degradation contributed by the two catalysts. The damage
spectra of ,.he two coatings Ere presented in Figures 9 and 10.
2. Owens-Illinois 650 Resin Paints
The excellent stability that has been demonstrated by
the R-staged Owens-Illinois 550 "Glass" resin (sil?.cone) when
pigmented with untreated zinc oxide is manifested in an almost
complete lack of degradation in the visible region at the
zinc oxide's absorption edge (ref. 6). Unfortunately,
all these experiments were performed in apparatus that
IIT RESEARCH INSTITUTE
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I necessitated the measurement ofP ostexposure reflectance in air.
and subsequent in situ measurements of postexposure reflectance
in the IRIF showed that zinc oxide- pigmented O-I 650-resin
paints were no more stable in the infrared region than S-13 and
untreated zinc oxide powder (ref. 7).
Once we learned how to prevent the infrared degradation
of zinc oxide by the now well-known treatment with potassium
-ilicate (aimed at incorporation into the RTV-602 silicone
elastomer), an obvious course of action was the preparation of
silicate-treated zinc oxide paints based on the highly ultra-
violet-stable Owens -Illinois 650 resin. Unfortunately, the
very chemical functionality of the 650 resin that allows it to
be thermally cured at low temperatures without the use of
catalysts causes nearly instantaneous gellation when mixed
with silicate-treated zinc oxide. The highly alkaline surface
of the treated pigment promotes rapid polymerization of the
B-staged resin.
Previous work on another program (ref. 8) dealing with the
development of S-13G as an engineering material has indicated
that some advantage could be gained from an acid phosphate-
treatment of the silicate-treated zinc oxide. This was
especially true for the case where the silicate-treated zinc
oxide was calcined prior to incorporation into the S-13G paint;
no loss in the protective effectiveness of the silicate treat-
ment in the infrared region was observed on the phosphate-
treated material.
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We therefore reasonea that sodium acid phosphate might
successfully be employed to neutralize the alkaline surface of
the silicate-treated zinc oxide, thereby making it a useful
pigment for the Owens-Illinois resin, without affecting the
infrared stability of the pigment that is achieved by silicating.
Experiments were accordingly performed to determine the effect
of different methods of phosphate treatment of the silicated
zinc oxide pigment.
The starting point in all of these experiments was a filter
cake from the silicate treatment of the zinc oxide as regularly
produced in hthe manufacture of pigment for S-13G paint. In
order to obtain better process control, all variations in
treatinen +^ were made upon one sample of filter cake only, from
 a production batch of S-13G pigment.
Silicate-Treatment Procedure(C ake 1)
Twelve (12) lb of New Jersey Zinc's SP500 zi.nc
oxide (bulking at 0.257 gal), 21 lb of Sylvania
Electric's PS-7 potassium silicate solution
(bulking at 1.91 gal), and 3.25 lb of distilled
water (0.39 gal) were reacted together in a
aouble boiler in the following manner: The
water and the potassium silicate were heated to
165"F. The zinc oxide was then added under
high-speed agitation and the temperature was
maintained for 20 min with high--sr— ed agitation.
The heat was then removed, a cold water-jacket
replacect the hot; 13.25 lb of distilled water
(1.625 aal) was immediately added. The slurry
was then mixed for 15 min and filtered through
t	 a Buchner funnel. The filter cake was wrapped
in unplasticized Mylar and allowed to "sweat"
for 18 hr. The filter cake so produced is
labelled "cake 1". It analyzed at 62% solids
with a K20 content of 3.8% and a SiO 2 content
rof 15°0 (the balance was Zn0) . The entire
filter cake (cake 1) would normally be re-
filtered. and f trial ly dried at 212 F for 18
hr. (The pigment so produced usually shows
an analysis of 7 tc 9 S 10 2 and 1 to 3; K 2 0 .)
Even though the K 20 content of the final pigment (cake 3)
has been as low as 0.7°0,
 the S-13G pigment has always been too
alkaline to permit dispersion in Owens-Illinois 650 resin. The
cake-1 silicate-treated zinc oxide described above was employed
as the starting material in all of the acid phosphate treat-
ments, including controls, that are discussed in the following
paragraphs.
Ac d_ Phos phate-Treatment_ Procedure
Pigment_A-413-1 Acontrol): Ninety (90)g of
Cake 1 was slurried with 50g if distilled
water for 15 min and filtered. The resultant
cake 2 was re-dispersed in 50g of water,
_
slurried 15 min, filtered and dried for 18 hr
at 212 1 F. The product was designated Cake 3.
_P igment_A-4 1 3-2 (cont rol ): Ninety (90)g of
Cake 1 was treated identically to A-413-1 ex-
cept that it received an additional re-disper-
sion in water. The final product was desig-
nated as Cake 4:
Pigment_ ._A_-41 . 3_ 3_ (phosphate-t_r eated_) : Ninety
(90)g of caked was slurried for 15 min with
50g of a 1% solution of NaH2PO4. The result
ant cake 2 was redispersed in 50g of 1%
NaH2PO 4 , slurried 15 min, filtereu and dried
for 18 hr at 212 F. The product was designated
Cake 3.
Pigment A- 4 .13_-4 (phosphate-treated) : Ninety
^0)g of Cake 1 was treated with 1% NaH2PO4
identIcally to A-413-3 except that it received
an additional redispersion in 50g distilled
water. The final, dried product was designated
Cake 4.
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Pigment A-413-5 (phosphate treated): Ninety
(90)g of Cake 1 was slurried for 15 min with
50g of a 3% solution of NaH^PO4. The result-
ant cake 2 was redispersed in 50g of 30/o NaH22PO4,
slurried 15 min, filtered and dried for 18 hr
at 212'F. The product was designated Cake 3.
Pigment A-413-6 (phosphate-treated): Ninety
(90)g of Cake 1 was treated with 3% NaH2PO4
identically to A-413-5 except that it received
an additional redispersion in 50g of distilled
water. The dried product was designated Cake 4.
0
Owen-Illinois 650-Resin Paints
Owens-Illinois 650-resin-based paints were pre-
pared from each of the pigments described above
by grinding 15 parts of the 28% O -I 650-resin
solution (see p. 12) with 10 parts of pigment
by weight (the PVC was approximately 32% in
all six cases).
*	 *	 *	 *	 *	 *	 *	 *
Shelf-life studies of the six paints were performed. The
results are presented in Table 4. Although additional studies
are obviously necessary, the data show that washing with
sodium acid phosphate has an advantageous effect on the shelf
life of the O-I 650 paint. In the absence of more definite
Table 4
SHELF-LIFE OF O-I 650/SILICATE ZnO PANTS
Pigment Gellation Time
No. Description Cake No. hr
A-413-1 Control. 3 1
A-413-2 Control 4 2.5
A-413-3 1% Phosphate 3 X72
A-413-4 1% Phosphate* 4 1.5
A-413-5 3% Phosphate 3 4
A-413-6 3% Phosphate` 4 =72
The last redispersion made in distilled water only.
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studies, we can only ccnclude that the "fourth" water redis-
persion of the 1.0/0 amid phosphate-treated pigment (A-413-4) re-
moved the neutralizing influence of the acid phosphate and
A-413-4 gelled due to alkaline polymerization of the poly-
functional 6^0 "silicone" resin. On the other hand, we
hypothesize that the A-413-5 paint gelled by acid polymerization
due to the 3/ acid phosphate employed in the neutralization --
a factor which the additional water dispersion employed in
making pigment A-413-6 militated against. It should be noted,
however, that the acid phosphate was not "fixed" on pigments
A-413-4 and A-413-6 by drying prior to the last redispersion
in water.
The two paints that possessed a 3-day shelf life were
prepared on IRIF coupons and irradiated in IRIF test 14. The
results are presented in 'fable 3 and Figures 11 and 12. Exam-
ination of these data show that the specimen prepared from the
3/ acid phosphate wash was the superior of the two. Indeed,
this paint, designF.ced A-413-6, gave the greatest stability
to ultraviolet irradiation in vacuum yet achieved with a
z.nc oxide-polymethyl si'oxane paint.
E. Concluding Remarks
1. General
Factors other than temperature of formation, such as
completeness of zinc oxide extraction, the nature of phosphate
treatment, and temperature and time of re-calcination are
IIT RESEARCH INSTITUTE
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involved in maintaining the initial whiteness and stability of
the zinc orthotitanate pigment. These other factors must ne
considered in developing a stable white coating. Possibly the
most important factor is "grinding"; another is the amount of
oxygen available to the pigment in the furnace. Still another
factor is contamination, whether from the crucibles used, the
furnace surfaces or other sources, or even from organic spills
in the bake oven used later to cure the finished paint.
The most destructive effect on the stability of zinc
oxide certainly appears to be "grinding". The term is placed
in quotes because it covers in common use not only the fractur--
ing of crystals or amorphous glassy particles, but also the
breaking of aggregates and the dispersion of particles in
liquid binders.
Dry grinding of zinc oxide overnight in a ball mill
"	 produces such a marked yellowing that even the most uneducated
}	 eye can instantly detect the result. The same amount of dry
grinding upon a sample of unextracted zinc orthotitanate
produces a slight yellowing, very much less than that of
zinc oxide, however. In essence the report shows that 30
minutes of dry grinding of the pigment creates more instability
in the coating than does 7 hours of wet grinding in the paint.
Experiments to test various methods of obtaining adequate
dispersions of fine pigment particl-s in a paint, without
creating instability through fracturing the particles, are
under way. How far the analogy of the work with silicated
IIT RESEARCH INSTITUTE
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zinc oxide may be carried into work with other pigments. such
as zinc orthotitanate, is debatable at this point. However,
k	 studies are in progress and the results may be valuable.
j	 2. Degradation Rate Information
The rate of change of degradation in solar absorptance is
plotted in Figures 13 and 14 for the coatings irradiated in
IRIF Test 14; the Ax s is plotted as a function of exposure in
a
ESH.
The data presented in Figure 14 is a clear indication of
the improvement obtained with zinc orthotitanate by calcination
and treatment with acid phosphate. We do not have an explan-
ation at this time for the lack of improvement in the phos-
phated zinc orthotitanate that was calcined compared to the
improvement offered the uncalcined material by phosphate-
treatment. As mentioned in a preceding paragraph, it may be
simply due to the fact that the system's stability is much
more sensitive to heat treatment than to the treatment with
acid phosphate. Studies are in progress involving acid
phosphate treatment at various temperatures and for various
times.
The change in spectral absorptance, Aax, is plotted as a
function of exposure for Boeing's B-1060A and S-13G in Figure
15 and untreated and calcined Zn 2 Ti' 4 in Figure 16. The data
are presented for the behavior at wavelengths of 425 and
2050 nm for B-1060A and S -13G, and 425 and 850 nm for the zinc
orthotitanates -• the wavelengths of maximum sensitivity in
each case.
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An interesting observation is the near identical slopes of
the 425-nm curve for B1060A and S-13G. The major difference is
the displacement of B-1060A's curve to much greater initial
damage, after which it degrades in the visible region only at a
slightly greater rate than S-13G. In the absence of greater
knowledge about B-1060A's formulation parameters, we can only
conclude that the severe damage near Zn0's absorption edge.
like our earlier versions of S-•13G, is due to a surface defect
state induced by overgrinding of the pigment. The lack of
complete protection of B-1060A s Zn0 from bleachable infrared
degradation is manifested in the curve presented for Aa % at
2050 nm. The decrease in Da, at 2050 nm (for both B-1060A and
S-13G) is attributed to the eventual desorption of water - a
process that we have observed in all alkali silicate paints
and silicate-treated zinc oxide examined to date.
The improvement in zinc orthotitanate's stability is
clearly demonstratzd by the curves presented in Figure 16. It
is interesting to note that the slopes for the two wavelengths
plotted do not change as a function of heat treatment. This
fact tends to substantiate the thesis, partially borne out by
experimental evidence, that heat-treatment lowers the surface
defect state and that damage which would otherwise occur in
the first short increment of irradiation is largely precluded.
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The wavelength of 850 nm was also chosen since it re-
presents the wavelength of maximum damage (see figures 5 throuch
F). It should also be noted that the damage band that peaks at
850 nm is more completely bleached on admission of air to the
irradiation chamber than the region from 350 to 450 nm. This
is particularly true of specimens that show the greatest amount
of total damage.
III. MODELS FOR SENSITIZED YHOTODEGRADATIGN
P,.. Introduction
The degradation of paints is closely related to the in-
vestigation of dye sensitization in photography. A common
system involves dyes absorbed on thin films of zinc oxide (ref.
9). The model for dye sensitization requires an understanding
of the organic bulk (vehicle), the inorganic solid (pigment)
and the interaction at the surface. We treat the first two
briefly since they are well established. The latter provides	 ''
some insight into the unique properties of the system.
Our primary interest is in the properties of the small
crystalline solids (pigment particles) and the departure from
normal bulk properties caused by the organic material (vehicle)
and other surface effects. Conversely we could center our
attention on the vehicle and consider the way the pigment
changes its optical properties. Of course these are both
approximations useful in approaching reality and we use the
former because it seems to explain the observations. The
normal surface is discussed in connection with the inorganic
material.	 IIT RESEARCH INSTITUTE
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IB. The Components
1. Properties of the Organic Bulk
The optical absorption of dyes can be related to the
monomer bands which are electronic transitions of .n isolated
molecule. In addition there are dimer bands, polymer bands,
and bands due to oriented aggregates (ret. 10). The spectra
range from discrete spectra of molecules to wide bands char-
acteristic of crystalline materials. The degree of cooperative
behavior depends on the deposition of the organic material.
The polymer bands are not well understood. As far as physical
structure is c rincerned, the polymer molecules are not in a
crystal with a well defined lattice. A weak point of this
discussion is the extrapolation of dye properties to the
optically transparent organic materials where the lowest
transitions are in the ultraviolet. Dye molecules may be
partially ionic and unsaturated. The usual polymerized
3 e.:., ,les are covalent and saturated. The detailed description
,i the states depends on the material but the fundamental
,.^.. ioms of describing the transition is the same for the
visible as for the ultraviolet. Of course, the transition is
higher and there are many ways the energy may be degraded.
Organic materials are insulators but :nary crgenic materials
become conductors (ref. 11 and 12) when illuminated with light
in an absorption band. For dyes the conductivity may rise
from 10-12 (ohm cm) 1 to 10 6 (ohm cm) 1 . Stable currents
may be passed for hours and the experimental values are
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reversible during light-dark cycling. As with inorganic solids
the majority carrier may be either electrons (n) or holes (p).
The actual values depend on impurities, crystalline order and
absorbed ga-s es.	 It is much more convenient to study dye films
on aromatic crystals than to work with ordinary saturated poly-
rr:kZ-1r. ,: having absorption. i„ one ultraviolet. The temperature
dependence of any conductivity may be an indication of the
validity of the simple free carrier. A temperature independent
photoconductivity may indicate an electron tunnelling through
a barrier between molecules. There is very little evidence
for photoconductivity in polymers. Optical excitation leads
to excitons or polarons.
The important point to note here is that the absorption
of ultraviolet light causes energy storage in an excitated
state but it can under certain conditions lead to charge
separation and free carriers having a short mean free path.
Both types of energy storage in the bind.-- are influenced by
the physical state.
2_ Properties of Ir prganic_Crystallit es
The pigment of principal interest is zinc. titanate.
Ilowever,alkali halide and carbonate type materials show prop-
erties which may be relevant. Because of the great amount of
data available, zinc oxide is a model material. The absorption
edge indicates the beginning of exciton creation, not photo-
conductivity (ref. 13). Zinc oxide always displays an ex-
trins i_c n-type sem.iconductivity. Pure samples contain an
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stoichiometric excess of zinc or a deficiency of oxygen. The
latter case .s physically present as indicated by EPR obser-
vation of oxygen-ion vacancies which are donors. The cerrier
concentration of 10 15 cm -3 may be increased to 5 x 10 19 cm -3
by doping with a corresponding concentration of metals (Zn, Li,
interstital H, In) which act a5 donors. The conductivity can
be lowered by use of substitutional monovalent species as
Li+ or Cu + . A pressure of 10 atmospheres would be required to
introduce ext-ess oxygen at high temperatures.
C. The Interface
1. Interaction at the Surface
Electron exchange interaction is usually a weak interaction.
As the organic itiolecule approaches the surface of the solid its
Umolecular levels are broadened and shifted; conversely the
energy bands of the crystal near the surface are changed. This
is a relatively weak binding to the surface unless special
	
Z	 resonant conditions occur. This van der Waals interaction is
to be expected for non-polar organic solids and many surf ace6 .
Ionic crystalline sclids may have charged ions on the surface
which induce dipoles in the organic molecules. This may be
a somewhat larger effect.
2. Charcie-Transfer Complexes
Before considering the surface we shall discuss the
polarivation of various groups in large organic molecules.
There are a number of available orbitals for electrons in
	
F	 molecules withrticular geometries. As the number ofP 
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electrons in the neutral molecule or charged ion increases,
these orbitals are occupied. The exact energy associated with
Each electron-pair orbital depends on the nuclear charge and
the occupation of other orbitals. It is convenient to think
of iso-electronic Systems and a change in nuclear charge. If
an electron is moved from one group to another, the Coulombic
energy is the most important. The separation is seldom in-
finite so the energy is usually that cof an electric dipole.
This energy is compensated by a tighter binding of the
electrons remaining in the occupied orbitals of the group with
the reduced number of electrons. For complete separation of
charge we consider the electron affinity and ionization
potential, but in discussing solids we use donors and acceptor
levels.
The concept of donor and acceptor leads to the concept
of charge transfer. Thus two neutral molecules only weakly
	 Y	 Y
interacting by van der Waals forces may become strongly bound
by Coulomb forces if one transfers a charge from one to the
,
other. The dipole energy is compensated by the energy adjust-
ments in each molecule. Static charging is a somewhat re-
lated process.
Charge transfer at the solid-molecule interface is indeed
complicated. However the solid could perhaps be considered
as a continuous dielectric and the molecule brought to the
surface where electron transfer takes plzce. Then the coulomb
energy ased on the continuous solid-point ion approximation isY	 P	 P
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balanced by the orbital energy adjustment in the ion. A more
complete description would include the energy change associated
with the shift in the bands of the solid.
3. The Pure Solid Surface
Very few experimental cechniques are available for exam-
ining the surface, so there is considerable speculation even
on the simple systems. From a point of view considering energy,
the composition at the surface can be quite different from that
of the bulk. It is well known that different faces of perfect
crystals have different energies. Only under conditions of
cleavage is there an abrupt change from the perfect solid
lattice to vacuum. The discontinuity of the structure causes
high energies at certain sites so unusual states occur at the
surface although they would not seem possible using bulk prop-
erties for energies. Seldom is a polycrystalline material
prepared in the ultimate vacuum obtainable.'The ordinary
surface contains considerable adsorbed gases and is in an ion
arrangement having an increasing degree of disorder. A step-
wise nature of the bonding is observable by measuring the
tightness with which materials are bound. Of course such
notions are known in catalysis.
4. Photoconductivity of Zinc Oxide
Before considering photoinduced surface reactions, we
shall review the photoconductivity of zinc oxide with absorbed
oxygen. Light with a wavelength s' ,orter than 3U) nm increases
the conductivity of zinc oxide. from a phenomenological
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Iviewpoint the rise saturates at two rates - slo g (minuteb to
hours) and fast (seconds to minutes) (ref. 14-16). The total
change during the slow process is larger in magnitude (five
orders) than the fast (three orders). When illumination is
stopped the conductivity in air decreases to a pre-illumination
i	 level, but this reversibility is absent in vacuum which is
better than 10 -5
 Tor. The slow process is associated with
oxygen on the surface of the zinc oxide. Even experiments on
single crystals show the surface effect. The light produces
electron-hole pairs. The electrons (e - ) are trappeu by zinc
ions which are not far from the surface:
e- + Z n ++	 Z n+
The holes (p+ ) are trapped by the chemisorbed oxygen initially
present as 02°.
+	 Z0 2	 p+ -.--.;^ 0 2
The physically absorbed oxygen escapes. The change in con-
ductivit.y is dua to the build-up of Zn 1 donors in the ZnO.
The minimum photon energy for photodesorption is characteristic
-	 o fh	 d	 ft e ban gap o zinc oxide a.1d not the absorbers specie.
The fast process of photoconductivity seenis to be re-
versible if the oxygen effect on the data is accounted for.
The fast conductivity depends on the light intensity (I) as
(1 1/3  ) and the dark conductivity ( a ) as ( o 2 /3 ) . It seems to
be a bulk effect associated with excess zinc as Zn + . These
are donors which may trap holes to form normal zinc ions ( Zn++)N
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The electrons remain in the conduction band. The dark con-
ductivity includes a surface conductivity which arises front
changes in the band structure associated with the lattice dis-
tortions at the surface. In thin films the surface is most
important.
5. Sensitization of Solids
The photoconductivity of zinc oxide is .aracterized by
its magnitude as well as the frequency distribution of the
:.stimulating light. These are changed by chemical and spectral
sensitization, respectively. The photodesorption of oxygen
is a single example.
Chemici:^. sensitization refers to the case where the ex-
citing energy is absorbed in the fundamental bards of zinc
oxide but the presence of the sorbed surface species affects
the energy degradation. Usually this leads to ,.ncreased
phot.oc , ndu^tivity and is rntay lead to coloration of the pigment.	 16.
Electron affinitive molecules, or acceptors (A), aze oxygen,
nitrogen oxide, r.'.trojen peroxide, or phthalic anhydride, all
of which produce the same effect on the pigment (refs. 17 and
18). The chemical species shift the electron-homer.: equilibria.
Spectral sensitization refers to the case where a photo-
response occurs in the spectral region where the ultraviolet
energy is absorbed in the organic material and may produce
coloration or photoconductivity in the inorganic crystal.
Again there is a shift in electron-hole equilibria.
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The question of whether Lkie ionization occurs in the
vehicle or pigment suggests two possible mechanisms; charge
transfer or energy transfer. The charge transfer mechanism
assumes that the ionization takes place in the organic material
and the electrons or holes interact with other absorbed species
(ref. 19). For example the photodesorption of oxygen from
zinc oxide may be stimulated by absorption in a dye absorbed
on the surface (ref. 20) . The mechanism is further confirmed
by hypersensitization which occurs when an acceptor species is
present in addition to the dye. The change in photoconductivity
upon irradiation is larger than observed when only oxygen is
present. The energy transfer mechanism (refs. 21-23) assumes
that the excitation energy is transferred through the surface
and it is degraded in the inorganic solid resulting in a
trapped hole and a free electron respectively. This is useful
in explaining equal results In experiments where dyes of
either n or p type give the same change in spectrally sen-
sitized photoconductivity of n type zinc oxide. Supersen-
' I	 stitization can also be explained by Lssuming a suitable
energy level distribution (ref. 24). It should be noted that
neither of these two cases is quite .realistic. In solids we
do not have separated, independent mobile electrons and holes
unless the material is infinite and homogeneous. This is
exactly what we do nct have near the surface. It is perhaps
better to think of a set of loosely coupled energy level
systems with at most a mobile dipole moment (exciton). In any
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significant case the important step occurs at the surface.
D. 3nerQV Deciradation and Coloration
Radiation effects can be observed by chant'(-._ (4 opL i ca l
absorption bands or changes in photoconductiv ity. ".+U L:A
sity of the effects can vary considerably. The fundamental
assumption is that the ultraviolet photon results in an
electron -hole pair or an exciton.
	 The exciton may produce a
charge carrier at an imperfection. The non-mobile charge is
trapped at the structure fault, impurities or on the surface.
The net results are a change in the relative occupation of
traps, but the shifts depend on the conditions of the ex-
periment. Thus, new impurities or sorbants are primarily
observed by their effects on the equilibrium concentration of
recognized species. In most solids there are a few stable
species producing observable optical bands. Thus measurement
of the area under the bands as well as the conductivity is a
measure of the extent of a reaction, although the primary re-
actant does not produce a new recognizable product.
",lie fit .;t step in the degradation reaction is an adjust-
ment of energy Icvel.s at contact between the ionic solid and
the organic material. This may be very mucl•^ influenced by
pre-existing absorbants (oxygen, water etc) (refs. 25-29). The
second step is the charge or energy transfer between the two
media in the presence of light. The first step probably in-
volves small energies and the second much larger energies. The
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first is associa •ced with small shifts in atomic positions but
the final state may involve some quite new atomic configurations.
Having proceeded this far, the discussion indicates the
mechanisms important to the paint system and also the uniqueness
of the organic-ionic interface. The objective is, however, the
understanding of the changes in optical properties of the systei.,
as the photochemical surface reaction degrades the paint.
Optical energy absorbed in a good pigment or vehicle is
transformed into heat without changing the nature of the
material. The steps may be complicated, producing excitons,
electrons, holes and involving many molecules and surface
states. When the interface exists, reactions between materials
must be considered and unique species are possible at the
surfaces. The kinetics are affected so that abnormal numbers
of electrons and holes are trapped in stable states normal for
the bulk materials. In P ure solids radiation induced color-
ations are metastable and return to normal by heating. In
the two component systems reactions are possible and the
products may re present a more stable state which is a re-
duction in the free energy of the system. More energy than
absorbed as radiation may be lost as heat when the reaction
proceeds to completion. One possible intermediate state is
electrons left in the conduction band of the crystal and holes
trapped on ions in the organic phase. The charge must balance
in such a way that the Coulomb energy (dipole moment) is not
too large. Both phases are involved in such a way that the
I
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I reaction requires both materials or their impurities, as well
as light.
It does not seem satisfactory to say that the electron
stays in the conduction band. One would expect some electron
trap to be present, so a localized center would be produced. A
more complicated possibility is a two dimensional surface layer.
The existence of surface conductivity can be checked by dark
conductivity measurements. Electrons in conduction bands may
give rise to optical absorption bands as they go to higher states.
These Lands would be expected to be wide. Cn the other hand
bands associated with levels of bound states interacting
strongly with the lattice states could have a similar wide
spectrum. The temperature dependence of the band areas would
perhaps be different.
In the discussion of coloration it is important to note
the spectral region in which the absorption band occurs. A
bee-1 can be identified by its peak, width and shape. By
extreme treatments (y-irradiation) it may be produced in the
bulk. if after careful attempts the band cannot 'be associated
with the bulk, it would be assumed to be associated with a
species occuring on the surface. If so, it would be expected
to be proportional to the surface area of the pigment particles.
An experiment to separate conclusively separate surface effects
is not easily designed.
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E. Interface PIodif ication
The boundary between the pigment and vehicle may be
modified by coating the particles with an inorganic sal e. (refs.
3-8). Very little data exists on possible systems except for
silicate and perhaps sodium acid phosphate on zinc oxide. We
can only speculate on possible mechanisms which explain why
this is a practical way to prevent degradation of space coatings.
The barrier mechanism presents itself most prominently.
This would indicate that the coating must be a stable material
with respect to photochemical reactions with the binder and
thei men	 Thus,	 i'	 n	 np g	 t.	 , potassium s licate is a good binder a d
was therefore considered for a stable coating on Zn0 for use in
a silicone vehicle	 (ref. 7) .	 The coating of the particle forms
a barrier to charge or 	 transfer.	 One is skepticalexcitation
of such a simple model because the coating is so thin that it
can hardly behave as solid crystallites; instead the molecule-
ions must react individually.
	 This modifies the surface of
the pigment and may prevent the changes in band structure
which occur near ti,e untreated surface.
	 Thus, it would be
interesting to measure the changes in surface conductivity
produced by silicate treatment.
	 If the material is heated so
crystallization	 and	 diffusion takes place, the favorable
properties
	 would be expected to deteriorate.
	 Experimental
evidence (ref. 8)	 indicates that this may be largely true.
The ions of the treatment material can also play an
important	 art in the electron-hole kinetics.	 If, for instance p
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excited states produced in t&ie vehicle migrate to t'.ie surf ace
where ionization proceeds, the cations can readily ionize
s1O 4 -4 	^104-*3	 _Le-.
An electron-;sole pair at the surface may react witn two
species. The normal zinc oxide is a n-type semiconductor
since there are donors such as Zin + in the bulk. On the surface,
electron absorbing molecules in the reduced state (such as O2)
can readily absorb doles. The excess electrons can form a
negative ion-molecule in the vehicle which has an optical
(	 absorption. On the uther hand, the electrons could occupy
1	 the conduc ion band in the solid zinc oxide, giving rise to
conduction-band absorption in 'Che infrared.
When the surface is treated with silicate, the 02 is
displaced b silicate which is bound much more tightly because
	 Y	  Y
of the higher charge. This s;iould not be considered as zinc
silicate because the silicate is primarily bound to t:ie
potassium ions it carries along to maintain neutrality. t hen
the electron hole pair is produced in the boundary, there is
no oxygen for photo-desorption, thus affecting the kinetics.
On the other hand, as the electrons go into the conduction
!sand, any holes left at the surfacr reduce the silicate which
would not desorb. This would build up a charge drawing
electrons from the conduction band.
The phosphate may undergo a similar reaction to the
silicate. The electron would go into the zinc oxide since it
is an n-type semiconductor. The acid naturs cf Lhe surface
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after it is washed with acid phosphate represents an additj.onal
factor. Acidity implies a deficiency of electrons. In the
absence of treatment, the hole trap produces a colored
species. The build-up of pc.ly-valent negative ions at the
surface would bend the conduction band upwards in the region.
It requires more energy to put electrons into the conduction
band near the surface.
A treatment of the zinc oxide with silicate and acid
phosphate can then be seen to have the following effects:
(1)raises the energy required for conduction electron formation;
(2) reduces the extent of any reaction which may absorb holes;
(3) absorbs any electrons penetrating the region by nature of
its acid condition. The success of the silicate - and silicate,,phos-
phate-treated zinc oxide pigment in the RTV-602 silicone polymer
(see Section II. D.) strongly indicates that the degradation is
an electron -transfe-^ reaction across the boundary. This model
is only speculation and could be wrong. However, it indicates
that the important fact in selecting a treatment is a know-
ledge of whether the electron or hole trap forms the colored
species and whether it is in the pigment or vehicle.
F. Relationship to Future Work
It has been necessary to dev lop the preceeding discussion
of verified models because we are designing experiments on a
new material -- zinc titanate. The experimental work may
perhaps be more meaningful if each experiment is related to a
hypothesis for the reaction. Yet these can neither be too
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specific or too simple and the experiments must have lasting
value even if the early models turn out to be wrong.
IV. EPR OF ZINC ORTHOTITANATE POWDERS
A. EPR Experiments
It was the rather general purpose of the following ex-
periments to determine if there is empirical correlation be-
tween observation of a magnetic resonance and the degradation
of space coatings. The method is sensitive to free radicals
but not ions. It is the intention to study the materials in
the u,9ful form. The requirements of space coatings have
already made it necessary to use large quantities of materials
with higher than ordinary purity.
1. Zn0
New Jersey Zinc SP-500 was examined as received. No res-
onance was detected. The samples were then heated in low
vacuum to about 300°C with still no observable spectra present.
Since positive results were found using the material of grin-
_	 cipal interest, zinc orthotitanate, no further work was per-
formed in ZnO. However, it is planned to repeat other re-
search reported in the literature and performed here. A
variety of defects can be produced in zinc oxide by deformation
and those produce a coloration. These will be investigated
again tinder high-sensitivity conditions.
Potassium silicate-treated zinc oxide was examined and
alsc did not show an EPR resonance.' It will be irradiated
and again examined.
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The magnetic resonance of 02 is observed by preparing
a clean surface of Zn0 and then exposine the system to pure
oxygen (ref. 2 ) . Such samples are being prepared for re-
ference. It is more important to determine the amount of 02
on the surface under ambient conditions. Certainly oxygen is
not the only physically and chemically sorbed material. The
kinetics of the reactions of sorbants and electrons near the
surface is probably the important cause of the absence of
resonance. Other factors at high coverage could broaden
the resonance so as not to be observable.
2. TiO2
Rutile showed no well defined resonance above the noise
level. Anatase is the starting material for preparation of
zinc titanate; it too did not show a resonance. Resonance
have been reported on irradiated TiO2
 and these experiments are
being repeated (ref.  29) .
3. Zn2TiO4
The absence of resonance in the starting materials used
for the preparation of zinc titanate made it unlikely that
paramagnetic impurities would obscure effects associated with
the defect structure of the zinc titanates. Five samples of
zinc orthotitanate were examined. These differed in treat-
ments summarized as follows:
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o, as prepared, by reacting at 925°C;
e, extracted (acetic acid washed to remove excess
zinc oxide);
p, phosphate treated (NaH2PO4).
C, calcined at 650°C in air;
I	 The sample numbers, sample preparation and resonance results
are summarized in Table 4. The order of the symbols in the
preparation column give the sequence of treatments. In audition,
the uncontrolled factors P,jc.h as impurities in or on containers,
reactants and the ambient atmosphere must be considered. It is
assumed that the treatments affect only the surface because the
temperature is always well below 950°C where the Zn0-TiO2
system transforms composition or structures.
Table 4
ERP OF SEVERAL ZINC ORTHOTITANATES
Sample No.	 Preparation	 Resonance
A-319 (371-1) o Yes
A-371-11 oe No
A-371-111 oep No'
A-371-IV oepc No
A-371-V oec Yes
Figure 17 is the strip-chart-recorder display of the res-
onance in sample five under search conditions. Figure 18 is
the strip-chart recording of the resonance in sample one under
conditions displaying the details of the line shape. The exact
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Iquantities describing the resonance will be given under .inter-
pretation. Both resonances occur at a g factor rear 1.56, are
about two gauss wide and are non-symmetrical but devoid of
structure.
B. Interpretation of EPR Powder Spectra
In a previous communication (ref. 4) we have discussed
t,ze importance of anisotropic effects in interpretation of
EPR spectra of solids. We have also introduced the concept
of homogeneous and inhomogeneous line-broadening effects. The
homogeneous broadening is similar to an uncertainty in the res-
onance condition due to changing fields acting on the center.
The other type of broadening is associated with the existence
of a distribution of resonance frequencies for the resonance
and each center has a relatively stable environment.
	
1	 1. The Q actor
The most accurate point to me%-Ziure on a magnetic resonance
using the derivative technique is the point of zero slope which
usually corresponds to the maxim--I of the resonance absorption.
This is true in powder spectra as on synunetr. ical lines in
single crystals. The point of zero slope is usually simply
correlated with a g factor having theorectical significance.
	
—"	 For some line shapes this is not possible.
2. The Line Shape
When considering this resonance one must first recognise
the importance of the line shape because it influences the
interpretation of the measured quantities. The line is
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non-symmetrical. Such a shape could be caused by two unre-
so.ved resonances of unequal intensity but the present exper-
iments give no positive evidence to indicate this. The chAnge
in slope of the derivative on either side of the resonance is
rather regular. At the maximum of the resonance, the second
derivative changes abruptly. The maximum slope half width
may be defined as the distance from cross over to the point of
maximum slope. Significant signal strength euists at fields
out beyond this point, by several times the half width. This
indicates that the line shape is quite different from a
Gaussian or even a Lorentzian curve. The shape of the res-
onance is associated with an inhomogeneous broadening due to
the orientation of the powder particles. The theorectical
line shapes for various anisotropic g tensors can be cal-
culated (ref. 30). The single non-symmetrical peak c-)rresponds
to a situation where two of the three principal g values are
slightly different (ref. 31) . The width of this distribution
is large compared to homogeneous broadening or to hyperfine
interactions. These line shapes present certain difficulties
when the usual derivative techniques are used to display the
resonance. In the limit of very sharp line components there
is no inflection point and the peak can be very large although
it is narrow. In the practical case where the line components
have a slight homogeneous broadening the inflection point is
very close to the maximum. Experimentally the difficulty
arises in using a sufficiently small field modulation. Where
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the resonance changes slowly, a good display is obtained but ir..
the tails or at the peak the resonance is severely distorted.
The nor.,-symmetry at the peak shifts the point of apparent zero
slope by an amount which depends on the field modulation.
Unfortunately in these samples the signal becomes equal to the
noise when a very small. rodulation is used. In order to obtain
significant information from these powder resonances a rather
special method was developed.
3. Hyperfine Interaction
One cause of inhomogenous broadening, line splitting or
some anisotropic effectE is hyperfine interaction. Consider
the elementary constituents of zinc titanates:
Table 5
Nuclear magnetic
Element A Abundance Spin Moment
Zri 64 51. % 0 0
Zn 67 4.1/0 5/2 0.87
Ti 47 7.8% 5/2 0.78
Ti 48 79. / 0 0
Ti 49 5.5/ 7/2 1.10
0 17 0.04/0 5/2 1.89
If the electron spin is associated with zinc or titanium
nuclel,four to 13/ of the lines would be shifted symmetrically
about the lines associated with Ti 48 or Zn64.
I
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It is very unlikely that a paramagnetic center would
contain more than one nucleus with spin. The many states
associated with high spin and the quadrupole moment would
produce an inhomogeneously broadened line. The anisotronic
effects and several types of nuclei could cause a non-symmetry.
It is very probable that the hyperfine effects are present but
the hyperfine interactionis much larger than the line width
(two gauss) . Therefore, the net effect of hyperfine interaction
is to produce a number of satellite lines all of which are only
a few percent of the main line intensity. Observation of these!
lines would aid us in establishing a model for the defect
centers because they would identify the nuclei involved.
Such experiments are pos.:.ible if one uses:
(1) Lower temperatures (liquid helium)
(2) Better spectrometers (improved detection methods)
(3) Long time noisy averaging (Computer of Average
Transients)
C. Calculations
1. Desired Quantities
From the resonance curves the following parameters can be
obtained as indicted.
(1) The derivative signal gives a very accurate un-
corrected g value
(2) The magnetic resonanc;- absorption curve can be
obtained by integration of the derivative signal and
presents the distribution of resonance frequencies
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(3) The zero moment or area indicates the number of
defects present.
(4) The first moment or mean gives a mean g value which
is the corrected g value.
(5) The second moment can be used to calculate a width
of the resonance which is quite accurate.
(6) From the resonance curve the height at maximum (peak)
can be obtained.
(7) The line shape factor is the ratio of the zero
moment to the product of the peak and width. It is
a means of identifying a line shape without a
laborious normalization and graphical comparison.
2. Computations
	
a
I
About 40 points were used from each graph. The RUSH 	 i
computation system was used. The output was both tabulated
fi
and plotted using a program which had been prepared on time
provided by the Physical Chemistry section and the Computer
Division of IITRI. The details will be published in a later
technical report. Given a particular resonance curve the
integrations begin at a large field below resonance and sums
i
upfield to the apparent maximum. At that point it stops and
integration is again initiated at larger fields above res-
onance and integration sums downfield to the apparent maxi-
mum. This is justified by the exper:Amental observation that
the derivative is zero at the extreme values of field. The
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rvalues at apparent maxima do not appear to be continuous but
that is to be expected for powder spectra because in the ideal
case the derivative is discontinuous at the peak and it is not
possible to make accurate measurements in this region.
3. Results
Figure 19 is a drawing based on the graph of the res-
onance curve (integated derivative signal). The shift in the
apparent g value caused by the non-symmetry is shown and the
true g calculated from the mean is shown. The line connecting
the points becomes dashed near the peak where it does not fit
the points. There are two ju'fAifications for the dashed
portion: theoretical, the theory of powder spectra; technical,
the consideration of derivative signals from non-symmetrical
curve shapes.
Table 6 presents the parameters of the resonance as
calculated. The approximate agreement of the g-factor,line -
shape factors,and the width indicate that the resonances are
due to the same species. The larger width is associated with
a broadening effect of increased modulation.
Table 6
Sample
A-319
A-371-V
CPLCTILATEP RESONANCE PA.P.AMETERS
Field
Modulation
	 Width	 Q
0.21 gauss
	
2.12	 1.9571
1.1 gauss
	
2.49
	 1.9563
Shape factor
14.4 ± 0.5
15. ± 2
IIT RESEARCH INSTITUTE
63
IITRI-U6002-59
i
rrTrue Maximum
i
Y
^' ft
-3
F '^
-2	 -1	 0	 I	 2	 3
Gauss
gure 19 A GRAPH OF THE RESONANCE ABSORPTION IN SAMPLE ONE.
THE TRACING IS MADE FROM THE PLOT, PRODUCED BY THE
COMPUTER UPON INTERGRATIGN OF VALUES OBTAINED FROM
FIGURE 2. THE AMPLITUDE OF THE FIELD MODULATION IS
SHOWN AND THE DISTORTION OF THE CURVE NEAR THE PEAK
IS INDICATED. 	 64
D. Conclusions and Significance
Ordinary chemical preparative techniques produce free
radicals in or on powdered zinc titanates. This is probably a
trapped electron. Acid washing and phosphate treatment remove
the radical. Recalcining reforms the same radical if phosphate
is not present but the resonance is reduced in intensity and
possibly other factors are slightly changed.
It is important to ,note here the relationship of this to
the program on titanates and their protection. The succeeding
activities involve production and identification of paramagnetic
defects produced by irradiation. This involves bulk and sur-
face species. The observation of magnetic resonance associated
with the chemical treatment of the powders indicates that the
stability (or reactivity) is influenced by surface treatment.
The paramagnetic defect probably is a high-energy species and
may properly be ccmpared with a frae radical. The important
point requiring examination: is the correlation (or anticorrel-
ation) of the magnetic resonance with degradation. A more .
detailed discussion requires a model for the species producing
the resonance. This can arise by way of interpretation of
g shift, observation. and interpretation of hyperfine inter-
action or kinetics of rascnarce production.
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rV. FUTURE STUDIES
Investigations of the new Owens- . Illinois 650-resin paint
employing acid phosphate-treated, silicated ZnO will be continued.
The reaction parameters will be more fully explored. T:,e
physical properties, Especially adhesion and flexibility, will
be determined.
The factors involved in stabilizing Zn 2TiO4 by treatment
with sodium acid phosphate and calcination will be determined.
Of special importance is the phosphate treatment and the calc:na-
tion temperatures employed. These will be investigated in
terms of their influence on stability as measured by p a s and
on their EPR spectra .... or lack of spectra.
The design of a lens system for the combined environment
facility has been initiated and a complete description of the 	 ;w
facility will be presented in the next Triannual Report. This 	 s
facility is to be constructed around IRIF II and is expected
to be completed by the time the next formal report is published.
Screening studies of potential pigments is continuing. Of
special interest st this time are the double zirconium silicates
described some time ago (ref. 32) . Study of these materials
was terminated with the discovery that zinc orthotitanate exhib-
ited exceptional stability when its postexposure reflectance
is measured in air. (The initial investigation of the double
zirconates (Ca, 11g, Zn and Ba) was also performed in air.)
Re-examination of the data indicates teat a very marked
improvement in stability occurs when.the silicate-rased
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rcalcium pigment is heat treated as a paint (as opposed to
heat treating the pigment prior to incorporation into
potassium silicate). These materials will be re-examined.
The in situ behavior of these materials will be investigated
and synthetic techniques will be considered if the results
are encouraging.
Solid-state investigations of zinc orthotitanate will
proceed in concert with the surface treatment and synthetic
studies outlined in a preceding paragraph. Defects will be
first examined by decorating with gamma radiation. The defect
state will then be studied by performing EPR analysis on
vacuum-irradiated specimens in situ.
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VI.  SUN ARY AND COIICLUS IO17S
Although a "stable" zinc orthotitanate can he preperec' by
carrying out the synthesis at a temperature of 1050°C, followed
by recalcination of the ZnO-extracted material at 1050°C, the
consequential necessity for de-aggregation and the extreme
hardness of the resultant pigment are problems that have not
been resolved. The intense grinding required to de-r^jgregate
and disperse
 the high-temperature product results in the
creation of "instability" in the pigment -- instability that is
originally precluded by the lower surface free energy that is
obtained by the high-temperature reaction employed.
The concept of reactive encapsulation employing sodium
acid phosphate, a prc , iedure that has been successful with ZnO,
was employed as a possible means of securing a "stable" material
it a lower reaction temperature -- thus avoiding the necessity
for severe grinding because of the consequently softer, l ess-
aggregated pigment. T'-ie experimental treatment with acid
phosphate was partially successful. 3oth phosphate treatment
and recalcination greatly improve stability. IIowever, at this
time, recalcination appears to be the most important of the
two.
The successful employment of reecti.ve
 encapsu] ati on (and/or
other surface treatments) of zinc orthotitanate, which has yet
to be fully achieved, is expected to offer a solution to the
potential dilemma that is created by the historically proven
ultraviolet instability of dielectrics and the strong ultra-
6u
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violet instability of dielectrics and the strong ultraviolet
absorption of the more stable semiconductor pigments, r.TiO2
and ZnO. (This is not to say that stable dielectrics cannot
be prepared, however.) The absorption edge of Zn2TiO4 (at
330 nm) is sufficiently below that of ZnO and TiO 2 (at-4400 nm)
that approximately 70' more sunlight is reflected by zinc ortho-
titanate coatings (with a solar-absorptance contribution of
0.07). It must be noted, however, that the complicating factor
of resistance to a combined solar wind and ultraviolet environ-
ment has not been considered in these remarks. Preliminary in-
formation on the behaviour of zinc orthotitanate under low-
energy proton bombardment is expected in the near future.
No significant difference was observed in the stability
of S-13G paints cured with GE's SRC-05 catalyst and trimethyl
guanodi ne.
A zinc oxide-pigmented methyl silicone coating was pre-
pared that possessed the greatest stability to ultraviolet
irradiation that has been obtained with a white coating to-date.
The paint, designated A-429-1, was pigmented with potassium
silicate-treated ZnO that waF washed with 3% sodiun: acid phos-
phate prior to incorporation into the paint..
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It is possible to develop a model for reactive encap-
sulation based on established physical phenomona. The re-
active material influences the electron-hole equilibria in
the solid but it also changes the reactions between pigment
and binder at the interface. Based upon knowledge of degrada-
tion of coatings, it seems that an electron-transfer reaction
is very probable. The use of polyvalent negative ions in an
acid environment is justifiable. The kinetics of degradation
requires including species which are possible only at the
contact between ionic crystals and nonionic (organic) materials.
one ideal study of coating system would utilize an
	  s u y	 a at g sys a oul
ultrapure vehicle and a perfect crystal crushed while sub-
mersed in the organic solvent. As the surface was created it
would stabilize under controlled conditions. The production
of a pigment under ambient conditions allows the surface to
stabilize itself in ways which would not be predicted con-
sidering ordinary solid-state chemistry. The use of EPR has
shown that free radicals exist in zinc orthotitanate as
produced. These would be expected to react with organic
materials. However, they can be modified by some of the
treatments used for reactive encapsulation.
Y
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